1. Introduction
===============

Air pollution is a mixture of gaseous and particulate pollutants at disproportionate concentrations and is constantly modified by sunlight and temperature. Traffic-related pollution consists of multiple toxic moieties, including particulate matter (PM), nitrogen dioxide (NO~2~), ozone (O~3~), polycyclic aromatic hydrocarbons (PAHs), metals and volatile organic compounds (VOCs) \[[@B1-ijerph-11-08825]\]. Air pollution is exacerbated near heavily trafficked roads in large cities. However, the concentration and composition of the pollutants has high variability in different regions, and it is dependent on the urban-rural gradient \[[@B2-ijerph-11-08825]\]. The variability in air pollution patterns throughout urban areas is strongly associated with traffic emissions and has a direct effect on the health of those who live near heavily trafficked routes. Thus, the density of neighborhood traffic is associated with exposure to higher doses of pollutants and leads to adverse health impacts such as respiratory disease, cardiovascular disease and lung cancer \[[@B3-ijerph-11-08825],[@B4-ijerph-11-08825],[@B5-ijerph-11-08825],[@B6-ijerph-11-08825],[@B7-ijerph-11-08825]\].

Because one of the main outcomes of air pollution exposure is cancer, evaluating the genotoxic effects of air pollution in an exposure population is critical. Multiple studies have utilized the micronucleus assay to demonstrate a relationship between air pollution and genotoxic effects \[[@B8-ijerph-11-08825],[@B9-ijerph-11-08825],[@B10-ijerph-11-08825]\]. In addition, research has shown increased micronuclei frequency in workers who are chronically exposed to traffic-related pollution in an urban environment \[[@B11-ijerph-11-08825]\], including gas station attendants \[[@B10-ijerph-11-08825]\], traffic police \[[@B12-ijerph-11-08825]\] and tunnel workers \[[@B13-ijerph-11-08825]\]. Compared to other biomarkers of genotoxicity, the micronucleus assay in buccal cells is a useful, noninvasive and simple method for monitoring genetic damage in humans since oral epithelial cells represent a preferred target population for early genotoxic events induced by carcinogenic agents introduced via inhalation \[[@B14-ijerph-11-08825]\].

A reliable alternative method for evaluation of air pollution-induced genotoxicity in an urban environment is vegetal biomonitoring. The effects on plants can be used for the qualitative and quantitative evaluation of atmospheric contamination and to delimit risks to biological systems exposed to environmental pollutants \[[@B15-ijerph-11-08825]\]. The trees of the genus *Bauhinia* are a good candidate for small-scale air pollution monitoring because they have been used for street ornamentation and have widespread distribution in cities. Carneiro *et al*. have demonstrated that the pollen abortion assay in *Bauhinia blakeana* is effective in determining the area of influence of pollution emissions produced in a traffic corridor \[[@B16-ijerph-11-08825]\]. Despite increased numbers of studies using vegetal biomonitoring to assess air pollution effects, only a few studies associated vegetal bioindicators with human health \[[@B17-ijerph-11-08825]\] or assessed the relationship between human biomarkers and vegetal bioindicators for genotoxicity \[[@B18-ijerph-11-08825]\].

The aim of this study was to evaluate the effects of air pollution in areas with varying population densities via biomonitoring and to compare plant biomonitoring data with genotoxic and mutagenic markers of human exposure to traffic-related air pollution in children.

2. Experimental Section
=======================

2.1. Study Area
---------------

Porto Alegre is the capital of the state of Rio Grande do Sul, located in southern Brazil. It has 1,467,823 inhabitants distributed over 496,827 km². The climate is humid-subtropical, with consistent and above-average precipitation throughout the year.

Monitoring groups were selected near major streets in three areas with different population profiles. Area A: Protásio Alves Avenue (30º02\'22.44\'\'S/51º10\'35.13\'\'W)---high population density (11,458 pop/km^2^). Area B: Cavalhada Avenue (30º05\'49.69\'\'S/51º13\'44.39\'\'W)---intermediate population density (5205 pop/km^2^). Area C: Juca Batista Avenue (30º09\'38.07\'\'S/51º11\'13.14\'\'O)---low population density (2660 pop/km^2^). The distance between each site is approximately 7 km. To avoid differences due to spatial distribution of air pollutants, the NO~2~ and O~3~ passive sampling data and the pollen abortion assay data were collected at distances of 0, 100 and 200 meters from the main road at each site.

2.2. Study Population
---------------------

Students at public schools in the three study areas of Porto Alegre were invited to participate in the study. Only children living near their respective monitoring areas were selected to ensure that their living and studying regions were similar and to minimize the chance of cross-contamination of pollutants from non-site areas. Children living more than 3 km from their respective sampling site were excluded from the study. The study was approved by the Ethics Committee of the Federal University of Health Sciences of Porto Alegre (No. 315.260).

2.3. Nitrogen Dioxide Measurement
---------------------------------

NO~2~measurements were collected by passive sampling in winter (June and July 2013) and summer (February and March 2014). Cellulose filters (37 mm, Energética, Rio de Janeiro, Brazil) were impregnated with triethanolamine absorbent solution (2 mL) and dried at 37 °C for 24 hours. Filters were then inserted into open diffusion tubes and placed at monitoring sites for 14 days (n = 18 per group). Blanks were obtained from filters exposed in the same conditions but were sealed from atmosphere contact. Nitrite ions are produced when atmospheric NO~2~ reacts with triethanolamine. These ions were extracted with methanol and reacted with sulfanilamide and 8-anilino-1-naphthalenesulfonic acid (ANSA) \[[@B19-ijerph-11-08825]\]. Solutions were then analyzed by spectrophotometry at 550 nm (Perkin-Elmer Lambda 35, São Paulo, SP, Brazil).

2.4. Ozone Measurement
----------------------

O~3~measurement was also conducted by passive sampling during the same period of time as the NO~2~measurements. Filters (Energética) were impregnated with indigotine disulphonate (IDS) solution (400 µL), inserted into open diffusion tubes and placed at monitoring sites for 8 h (n = 18 per group). Blanks were obtained from filters exposed in the same conditions but were sealed from atmosphere contact.

After exposure, the filters were removed from the samplers, placed into glass tubes with distilled water (5 mL) and sonicated in an ultrasonic bath for 5 min. The tubes were then centrifuged for 10 min at 3800 rpm to clear filter debris. Supernatants were then analyzed by spectrophotometry at 610 nm (Perkin-Elmer Lambda 35) \[[@B20-ijerph-11-08825]\].

2.5. Pollen Abortion Assay
--------------------------

The pollen abortion test was chosen as the vegetal biomonitoring assay. The analysis was performed in *Bauhinia variegata* flower buds located near Areas A, B and C. Flower buds were collected at the end of passive sampling period in winter of 2013.

Flower buds were collected and fixed in 3:1 v/v ethanol/acetic acid solution and transferred to 70% ethanol solution after 24 h. Pollen grains were extracted from anthers and spotted onto slides, which were stained with 0.5% aceto-carmine for microscopic evaluation. Slides were then photographed with a digital camera (Olympus DP72, Tokyo, Japan) directly attached to the microscope (Olympus BX51, Tokyo, Japan). For each collection area, 300 cells were evaluated per slide, resulting in a total of 9000 cells per area. Pollen abortion criteria consisted of the presence of abnormally large pollen, presence of altered pollen forms, and staining deficiency, as described previously \[[@B21-ijerph-11-08825]\].

2.6. Micronucleus Assay
-----------------------

Buccal epithelial cells were collected with a wooden spatula from 101 students of public schools in the three study areas of Porto Alegre from June 2013 to March 2014. Cells were collected by rotating the spatula 20 times in a spiral motion against the inner surface of the cheek wall. Samples were stored in 3:1 v/v ethanol/acetic acid solution. Afterwards, cells were centrifuged at 1500 rpm for 5 min, and the fixation buffer was changed; this operation was repeated three times. Fixed cells were hydrolyzed in HCl and stained according to the Feulgen method \[[@B22-ijerph-11-08825],[@B23-ijerph-11-08825]\]. Micronucleus frequency was determined by counting 1000 cells per sample in duplicate using an optical microscope with 1000× magnification (Olympus BX51).

Confounding factors for micronucleus frequency include children distribution, socioeconomic status, age, gender, smoking and drinking habits. These factors were controlled for this study by applying the socioeconomic section of International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire \[[@B24-ijerph-11-08825]\].

2.7. Statistical Analysis
-------------------------

Analysis of the data was performed using the Sigma Plot 12.0 software. The means of the NO~2~concentrations, pollen abortion frequency and micronuclei were compared by one-way ANOVA followed by Bonferroni correction. The association between NO~2~ and pollen abortion was assessed by Pearson Correlation. The influence of confounding factors was assessed by Chi-Square test and one-way ANOVA. The level of significance for these analyses was set at 5%.

3. Results
==========

3.1. Study Area
---------------

[Figure 1](#ijerph-11-08825-f001){ref-type="fig"} shows the distribution of the studied subjects and monitoring points. The hourly mean traffic flow was collected from public traffic data (Public Company of Transport and Circulation---EPTC) in a single period in each monitoring area. The streets measured were Protásio Alves Avenue (Area A), Cavalhada Avenue (Area B) and Juca Batista Avenue (Area C). Area A averaged 5060 vehicles per hour, 4054 vehicles per hour were measured in Area B and 1607 vehicles per hour passed through Area C.

![Subject distribution by monitoring area.](ijerph-11-08825-g001){#ijerph-11-08825-f001}

[Table 1](#ijerph-11-08825-t001){ref-type="table"} presents the environmental conditions in Porto Alegre during the winter and summer sampling periods. The mean summer temperature was 12.2 °C higher than the mean winter temperature, and the rainfall was 39.4 mm higher in summer period than in winter \[[@B25-ijerph-11-08825]\].

ijerph-11-08825-t001_Table 1

###### 

Environmental conditions.

  Season   Mean Temperature (ºC)   Mean Maximum Temperature (ºC)   Mean Minimum Temperature (ºC)   Relative Humidity (%)   Total Rainfall (mm)   Wind Speed (mps)   Wind Direction
  -------- ----------------------- ------------------------------- ------------------------------- ----------------------- --------------------- ------------------ ----------------
  Winter   14.1                    19.7                            10.4                            82.7                    216.6                 1.9                SE
  Summer   24.7                    30.5                            20.63                           76.35                   274.1                 2.51               SE

3.2. Nitrogen Dioxide Measurement
---------------------------------

Nitrogen dioxide concentrations were related with population density and traffic flow. The high population density area showed the highest concentration of NO~2~, followed by the intermediate and low population density areas. This pattern was maintained in both the summer and winter monitoring periods.

[Figure 2](#ijerph-11-08825-f002){ref-type="fig"} shows the NO~2~ concentrations by monitoring area in summer (A) and winter (B). The mean concentrations of NO~2~ in summer were 42.4 ± 5.0 µg/m³ in Group A, 22.3 ± 3.1 µg/m³ in Group B and 13.9 ± 3.0 µg/m³ in Group C. All groups were significantly different from each other (*P* \< 0.001). In winter, the mean concentrations of NO~2~were 42.1 ± 4.1 µg/m³ in Group A, 30.4 ± 4.2 µg/m³ in Group B and 17.1 ± 7.0 µg/m³ in Group C. All groups were significantly different from each other (*P* \< 0.001). The data are expressed as the mean ± standard deviation.

![NO~2~ concentrations in the monitoring areas for summer (**A**) and winter (**B**).](ijerph-11-08825-g002){#ijerph-11-08825-f002}

3.3. Ozone Measurement
----------------------

Like NO~2~, the O~3~ concentration maintained a consistent distribution pattern during the two seasons. However, unlike the NO~2~ concentrations across groups, the O~3~concentrations were similar between the high and intermediate population groups, and both were higher than the low population density group.

[Figure 3](#ijerph-11-08825-f003){ref-type="fig"} shows the O~3~concentration in the monitoring areas in summer (A) and winter (B). In summer, the mean concentration of Group A was 43.2 ± 8.1 µg/m³, whereas Group B had a mean concentration of 44.5 ± 10.4 µg/m³ and Group C had a mean concentration of 34.3 ± 9.6 µg/m³. Groups A and B were not different (*P* = 1.000), but both were higher than Group C (*P* = 0.030). In winter, the mean concentration of O~3~ in Group A was 35.9 ± 12.9 µg/m³, whereas the mean concentration was 34.9 ± 9.8 µg/m³ in Group B and 23.7 ± 10.1 µg/m³ in Group C. Similar to the data from summer, the O~3~concentrations in Groups A and B were higher than that in Group C (*P* = 0.036), but they were not different between themselves (*P* = 1.000). The data are expressed as the mean ± standard deviation.

![O~3~ concentrations in the monitoring areas for summer (**A**) and winter (**B**).](ijerph-11-08825-g003){#ijerph-11-08825-f003}

3.4. Pollen Abortion Assay
--------------------------

Similar patterns of distribution were found in pollen abortion rates compared with the distributions of NO~2~concentration, population density and traffic flow. Group A showed the highest rate of genetic damage, followed by Groups B and C. The pollen abortion rate by monitored area is presented in [Figure 4](#ijerph-11-08825-f004){ref-type="fig"}. The mean concentration of Group A was 38.8 ± 6.5 µg/m³, followed by 30.2 ± 7.6 µg/m³ in Group B and 20.9 ± 5.2 µg/m³ in Group C. All groups were significantly different from each other (*P* \< 0.001). The data are expressed as the mean damaged cell rate ± standard deviation.

![Pollen abortion rate in monitoring areas.](ijerph-11-08825-g004){#ijerph-11-08825-f004}

NO~2~and pollen abortion were strongly positively correlated (r = 0.842; *P* = 0.004), ([Figure 5](#ijerph-11-08825-f005){ref-type="fig"}). This correlation demonstrates that the pollen abortion assay, a genotoxicity biomarker, is a good proxy for the degree of air pollution (and corresponding traffic density) in regions with varying population density.

![Positive association between NO~2~and pollen abortion.](ijerph-11-08825-g005){#ijerph-11-08825-f005}

3.5. Micronucleus Assay
-----------------------

The micronucleus assay results are presented in [Table 2](#ijerph-11-08825-t002){ref-type="table"}. Group A had a mean of 4.57 ± 2.05 micronucleus per 1000 cells, Group B had had a mean of 4.30 ± 1.89 micronucleus per 1000 cells and Group C had a mean of 2.31 ± 1.10 micronucleus per 1000 cells. The data are expressed as the mean ± standard deviation. Groups A and B were similar (*P* = 1.000), but both groups presented a higher rate of genotoxic damage when compared with Group C (*P* \< 0.001). N = number of children. MCN/1000 cells = Micronucleus per 1000 cells. SD = standard deviation.

ijerph-11-08825-t002_Table 2

###### 

Micronucleus frequency.

  Groups    N    MCN/1000 Cells   SD     *P*
  --------- ---- ---------------- ------ ---------
  Group A   33   4.57 **\***      2.05   \<0.001
  Group B   34   4.30 **\***      1.89   \<0.001
  Group C   34   2.31             1.10   \<0.001

Note: **\*** *P* \< 0.001.

Confounding factors and student profiles are presented in [Table 3](#ijerph-11-08825-t003){ref-type="table"}**.** There were no significant differences in gender (*P* = 0.317), age (*P* = 0.084), socioeconomic status (*P* = 0.612) or exposure to passive smoking (*P* = 0.815) in the children across the study areas.

ijerph-11-08825-t003_Table 3

###### 

Children profiles by monitoring area.

  Children Profile           Group A (n = 33)   Group B (n = 34)   Group C (n = 34)   *P*
  -------------------------- ------------------ ------------------ ------------------ -------
  **Age (Years)**            13.7 ± 1.1         13.7 ± 1.2         13.1 ± 0.9         0.084
  **Gender**                                                                          
  Male                       9                  14                 15                 0.317
  Female                     24                 20                 19                 
  **Socioeconomic Status**                                                            
  ≤2 Minimum Wage            19                 22                 18                 0.612
  \>2 Minimum Wage           14                 12                 16                 
  **Passive Smoking**                                                                 
  Yes                        19                 20                 22                 0.815
  No                         14                 14                 12                 

Thus, there were no differences in student profile factors between study areas that could act as confounders of micronucleus rate, such as gender, age and passive smoking. Children with assumed smoking habits or frequent alcohol consumption were excluded from this study because of known correlations to micronucleus frequency.

4. Discussion
=============

To our knowledge, this is the first study at this site to demonstrate a relationship between human and plant biomonitoring assays for genotoxicity to urban pollutants. Our data demonstrate that there are differences in air quality and genotoxic effects in plants and humans in regions with varying population densities near heavy traffic roads. We chose to examine the known pollutant NO~2~ because its outdoor concentrations are highly related with the degree of urbanization and the frequency of vehicle traffic \[[@B26-ijerph-11-08825],[@B27-ijerph-11-08825]\]. Our study, in which the NO~2~ concentrations are highly related with vehicular flow and population density, is consistent with these previous studies. However, the O~3~ and NO~2~concentrations displayed a different distribution pattern. In the present study, intermediate and high population areas displayed similar O~3~ concentrations to each other, and both exhibited elevated concentrations compared with the low population area. The fact that O~3~ is a secondary pollutant may in part explain the results. The formation of O~3~ is caused by reactions of the key precursors volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the presence of sunlight, and its distribution in an urban environment is dependent on wind direction and geographic characteristics \[[@B28-ijerph-11-08825]\].

The pollen abortion assay was chosen for vegetal biomonitoring. This assay is highly sensitive because the target cells (microspores) are haploid, and it can detect lethal mutations that affect the development of pollen \[[@B29-ijerph-11-08825]\]. Several studies have demonstrated the relationship between the pollen abortion assay in wild plants and air pollution from different sources \[[@B30-ijerph-11-08825],[@B31-ijerph-11-08825]\]. In urban areas, this assay has been shown to be a reliable marker of air pollution that is caused by vehicular emissions near high-traffic streets because pollen cells are sensitive to spatial gradient of air pollutants, including NO~2~ \[[@B16-ijerph-11-08825]\]. In our study, we found a strong positive correlation between the pollen abortion rate and NO~2~ concentrations, thus confirming the relationship of this vegetal biomarker with the spatial dispersion of air pollution and the degree of urbanization. However, the observed genotoxic effects cannot be explained solely by the NO~2~ levels. Nitrogen dioxide is a marker of fuel combustion and is correlated with many other compounds in exhaust, including PM, VOCs, black carbon and sulfur dioxide (SO~2~) \[[@B32-ijerph-11-08825]\]. These pollutants have known genotoxic effects and were not measured in this study.

Our data show that the frequency of micronuclei in buccal cells of children is higher in more urbanized regions and suggests that human genotoxicity in children is strongly associated with air pollution levels in Porto Alegre. Several studies have shown increased rates of genetic damage in buccal epithelial cells of children exposed to high levels of air pollution in urban areas \[[@B33-ijerph-11-08825],[@B34-ijerph-11-08825]\] as well as higher susceptibility to air pollution in children \[[@B35-ijerph-11-08825],[@B36-ijerph-11-08825]\]. Van Leuween *et al*. found that specific DNA-damage pathways and immune pathways that are responsive to air pollution were active in children but not in adults, demonstrating the increased susceptibility of children to air pollution \[[@B37-ijerph-11-08825]\]. Whereas we found a relation between NO~2~and vegetal bioindicator, micronucleus frequency was associated with O~3~ concentrations on the three regions of Porto Alegre. In a study made with children and adults in California, Huen *et al*. found cytogeneticity in both adults and children who were exposed to O~3~, but associations between traffic proximity and micronucleus frequency were detected only in children, suggesting that children may be more susceptible to genotoxicity caused by traffic pollution \[[@B38-ijerph-11-08825]\]. Similarly, Valverde *et al*. demonstrated that exposure to a polluted urban atmosphere with high ozone concentrations in Mexico promoted DNA damage in young adults \[[@B39-ijerph-11-08825]\]. The genotoxic effect of O~3~ is due to the production of a cascade of free radicals that then react with DNA and affect genomic integrity. At relatively high concentrations, the reaction products can cause extensive DNA damage, and this genotoxic lesion might lead to a mutagenic impact, as observed by the formation of DNA micronuclei \[[@B39-ijerph-11-08825]\].

Our data from the pollen abortion test were highly correlated with the NO~2~ concentration along the urban-rural gradient in Porto Alegre, demonstrating that this assay is an effective marker of the degree of urbanization and could be used in monitoring networks as a marker of urban air pollution effects. Despite no difference was found in buccal micronucleus of high and intermediate population area, human and vegetal exposure were interrelated when comparing high populated and low populated areas in Porto Alegre. Studies that use both plant bioindicators and human biomarkers to evaluate the genotoxic effects of air pollution are still rare. In a study performed in the Amazon region, micronuclei frequency in *Tradescantia pallida* and human alveolar cells both indicated genotoxic effects of organic PM collected during intense biomass burning period \[[@B18-ijerph-11-08825]\].

There were some limitations to this study. We did not measure additional pollutants released in vehicular emissions that are demonstrated genotoxicants, such as PM, PAHs and SO~2.~In addition, we did not measure individual exposures to O~3~and NO~2,~which precludes studying individual exposures to genotoxic pollutants in the context of an urban-rural gradient. Finally, we were not able to assess vegetal biomonitoring in summer because the flower buds of *Bauhinia variegata* grow only in winter (July and August).

We associated human and plant biomonitoring in a city using the micronucleus frequency assay in buccal epithelial cells in humans and the pollen abortion assay in *Bauhinia variegata*. These results are strongly associated with the urbanization gradient near heavily trafficked roads, the population distribution and the concentration of air pollution among areas with high, intermediate or low population density in Porto Alegre.

5. Conclusions
==============

In conclusion, high concentrations of air pollutants in Porto Alegre are related with both human and plant genotoxicity. In this study, we have shown that the degree of urbanization is associated with the degree of air pollution, which in turn is related to the level of genotoxic stress in children and plants.
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